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Introduction
Concerns about the diminishing reserves of crude oil and the worldwide socio-economic dependence on fossil fuels, as well as the effects of anthropogenic CO 2 , are stimulating the development of alternative routes to chemicals and fuels. Special attention is being paid to biomass as a renewable and abundant carbon source, particularly non-edible lignocellulosic biomass which can be obtained from forest, agricultural, municipal and industrial wastes. [1] [2] [3] [4] [5] [6] [7] [8] [9] Lignocellulosic matter is composed of lignin and carbohydrate polymers, the latter representing the major portion. Carbohydrates can be chemically transformed into various useful bio-products (denoted bioEs) such as alkyl levulinates (ALs) and the furanic ethers 5-(alkoxymethyl)-2-furfural (5AMF) and 2-(alkoxymethyl)-furan (2AMF) (Scheme 1). ALs find applications in different sectors of the chemical industry, e.g. as bio-solvents, plasticizing agents, odorous substances, (bio)fuel additives and as building blocks for chemical transformations. 10, 11 In particular, ethyl levulinate (EL) [12] [13] [14] [15] and 5-(ethoxymethyl)-furfural (5EMF) 16 possess interesting properties such as oxygenated fuel extenders for gasoline, diesel and biodiesel (e.g. to improve engine efficiency, reduce pollutant emissions, etc.).
The furanic ethers 5AMF and 2AMF can be synthesised via the acid-catalysed reactions of 5-hydroxymethyl-2-furaldehyde (HMF) [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] or furfuryl alcohol (FA), respectively, with aliphatic alcohols; [29] [30] [31] [32] [33] [34] HMF and FA are derived from the catalytic conversion of hexose and pentose-based carbohydrates, respectively (Scheme 1 Carbon-ordered mesoporous silica composites are particularly interesting materials for the production of SO 3 H-functionalised catalysts for biomass conversion. These solids combine the attractive characteristics of ordered mesoporous silicas for catalytic applications, namely, high surface areas, pore volumes and tunable pore sizes, with the attractive properties of the carbon, specifically the high stability for liquid-phase reactions and easily modifiable surface. 56, 57, 61, 66 Further advantages may also arise from the combination of both materials, such as improved hydrothermal and mechanical stability with respect to carbon materials. 67 Moreover, it has been found that stronger acid sites or a higher proportion of stronger acid sites can be created when the carbon is deposited on silica, i.e., stronger solid acids are produced. 56, 65 Nevertheless, mesoporous carbon-silica composites have been poorly explored as catalysts for biomass reactions, particularly for the conversion of saccharides, HMF and FA to bioEs.
We have recently reported a simple method for preparing stable SO 3 H-functionalised carbon-based materials with high acid site content and strong acidity, which involves the low temperature activation of a carbon precursor that also contains the SO 3 H functionality (p-toluenesulfonic acid). 65 It was found that a stronger solid acid with improved catalytic activity compared to the pure carbon was obtained when the carbon was deposited on non-porous silica nanoparticles. Herein, we explore this approach and the large surface areas and pore volumes of SBA-15 and mesostructured cellular foam (MCF) silicas to produce mesoporous carbon-silica acid catalysts with relatively high carbon, sulfur and acid sites content, in addition to large pores and strong acid sites. The atomic-level characterisation of acid sites and strengths was achieved by the 31 P solid-state NMR studies of adsorbed triethylphosphine oxide (TEPO) in combination with FT-IR and XPS. The composites were effective catalysts in the reactions of HMF and FA with ethanol to give bioEs, as well as in the cascade reaction of fructose-HMF-bioEs; their catalytic performances were compared with those of the commercial catalysts Amberlyst™-15 and nanocrystalline zeolite beta.
Results and discussion

Characterisation
Mesoporous SO 3 H-functionalised carbon-silica composites with varied carbon content were prepared by activation of p-toluenesulfonic acid deposited into the pores of SBA-15 and MCF silicas ( Table 1) . The SBA-15 has cylindrical pores of 9.1 nm diameter whereas the MCF consists of 31.5 nm spherical pores accessible through 19.9 nm windows. Therefore, composites with cylindrical mesopores (C/SBA (14) , C/SBA(45)) or large spherical mesopores (C/MCF(40), C/MCF(63)) were produced (cf. TEM images in Fig. S1 †) , where the number in parentheses is the wt% of functionalised carbon. Moreover, the large pore sizes and volumes of the parent silicas enabled the deposition of large quantities of carbon inside the pores.
The Raman spectra of the materials exhibit the D and G bands associated with sp 2 carbon, at ca. 1360 and 1580 cm −1 respectively (Fig. S2 †) . The ratio of the peak intensities (I D /I G ) is ca. 0.68 for all samples and indicates that the carbon has very small domains of aromatic rings. 68 The 1 H-13 C CP MAS NMR spectrum of C/MCF(63) (Fig. S3 †) is similar to those reported previously for the materials synthesised using nonporous silica as a support. 65 A main resonance appearing at 129 ppm is assigned to polycyclic aromatic carbons, and two weaker resonances at 20 and 139 ppm are due to methyl groups and carbon bonded to sulfur atoms, respectively. The wide angle X-ray diffractograms show a single broad reflection at ca. 22°2θ that is typical of the amorphous carbon, overlapped with the contribution from the amorphous silica at similar angles (Fig. S4 †) . The small angle XRD patterns of C/SBA (14) and C/SBA (45) show reflections associated with the hexagonal arrangement of pores, typical of SBA-15 (Fig. 1) . The patterns exhibit the same number of peaks as that of the uncoated silica, which correspond to identical values of the unit cell parameter. Hence, the incorporation of the carbon occurred without significant modification of the pore structural order.
The nitrogen sorption isotherms of both the composites and parental silicas are type IV, with condensation steps and hysteresis cycles at high pressures that reflect the presence of large mesopores in the materials (Fig. 2) . The textural properties of the composites depend on their carbon content and on the starting silica (Table 1) . Those with the highest carbon contents have the lowest S BET , V p and D p compared to the corresponding uncoated silica. None of the composites contain micropores accessible to N 2 , which contrasts with the silicas, indicating that the micropores located on the mesopore walls of the silica were filled with carbon. The results suggest that the carbon was successfully deposited inside the mesopores instead of being exclusively deposited on the external surface, which would have completely blocked the porosity of the silica and resulted in non-porous composites with a very low surface area. This can be attributed to the ability of the TsOH molecules to adsorb on the pores, which has been exploited by other authors for the synthesis of ordered mesoporous carbons. 69 Moreover, the incorporation of high quantities of functionalised carbon did not lead to mesopore blocking, therefore the carbon must be fairly well dispersed on the silica pore walls of C/SBA(45), C/MCF(40) and C/MCF (63) . The thickness of the carbon coating can be estimated from the difference between the pore size of the composite and uncoated silica. The carbon content of C/SBA (14) is insufficient to cause a measurable change of pore size. Considering that part of the carbon in this sample is filling the micropores of the silica, most probably a significant portion of the mesopore surface is not covered with carbon. The estimated thicknesses of the coatings of C/SBA(45) and C/MCF(63) are 1.5 nm and 8.6 nm, respectively. For C/MCF (40) , values of 1.1 and 2.6 nm are obtained from the difference between the pore sizes and window sizes, respectively. Hence, thicker carbon layers were formed near the windows during the synthesis of C/MCF (40) . The coating thicknesses in C/SBA (45) and C/MCF (63) are also not entirely uniform, as indicated by the less i Window width in parentheses. steep condensation steps on their isotherms compared to those on the corresponding uncoated silicas (Fig. 2) . Furthermore, desorption from the mesopores of C/SBA(45) occurs over a wide range of p/p°, and the desorption branch of the C/MCF(63) isotherm comprises two steps. The step at higher p/p°is associated with desorption from the mesopores accessible through 10.9 nm windows, whereas the small step at lower p/p°corresponds to mesoporosity accessible through narrower regions (ca. 4-5 nm), which however only accounts for less than 10% of the total pore volume of the sample. This means that the non-uniformity of the carbon layer creates narrowed regions inside the mesopores of C/SBA(45) and C/MCF (63) . Nevertheless, most of these narrower regions have sizes in the mesopore range and thus are not expected to hinder diffusion through the pores. The FT-IR spectra of the composites ( (14), due to the low carbon content of this sample and low intensity of its bands compared to those of silica. X-ray photoelectron spectroscopy (XPS) analysis was performed to gain additional information on the surface composition of the composites (Fig. 4) . The S 2p spectra have two contributions at 164 and 169 eV associated with sulfur in SH and SO 3 H groups, respectively, 70 with most of the sulfur belonging to the latter. C/MCF(63) has the highest relative amount of SO 3 H (82.8%), followed by C/MCF(40) and C/SBA(45), both containing similar relative amounts (>71%). These results contrast with the complete absence of SO 3 H found for TsOH carbonized at higher temperature, 69 and can be attribu- the H 2 SO 4 /TsOH mass ratio used for the synthesis (Tables 1  and S1 †), in contrast to what was found when non-porous silica particles were used as a support. 65 Hence, other factors, such as the amount, location and dispersion of the carbon inside the pores, seem to play a role on the final surface composition of the materials. The relatively high surface Si/C and O/C ratios of C/SBA (14) confirm that a significant part of the silica surface is not covered with carbon (Table S2 †) . The FT-IR and XPS results discussed above show that the materials have several types of surface acidic functionalities such as SO 3 H, COOH and C-OH, which means that the acid sites quantified by titration correspond to the total amount of acidic groups (Table 1 ). The composites with the highest carbon contents exhibit higher amounts of sulfur and acid sites. The amount of acid sites decreases in the following order C/MCF(40) > C/MCF(63) ≈ C/SBA(45) ≫ C/SBA (14) . Since part of the pore surface of C/SBA (14) is not coated with carbon, the total acid sites of this sample, measured by titration, possibly includes weak silanol groups. Comparison of the acid sites and S contents of each sample, together with the fact that the acid sites content include acid groups other than SO 3 H, suggest that a portion of the sulfur of the samples is not included in surface acidic groups. Some of the sulfur belongs to SH groups and may also be in the bulk. It is worth mentioning that using silicas with large pores and pore volumes it was possible to produce materials with higher amounts of S and acid sites than those prepared by coating silica nanoparticles. 65 Interestingly, most of the composites also contain significantly higher S and/or acid sites content than similar materials reported in the literature. 56, 58, 59, 61 This is because the carbon precursor molecule has SO 3 H groups in its composition. In contrast, the common methods for synthesising this type of material first involves the carbonization of a carbon precursor deposited inside the pores followed by a sulfonation procedure (e.g. with concentrated H 2 SO 4 ). 56, 58, 59, 61 The acid strength was qualitatively assessed by observing the 31 P chemical shifts of adsorbed triethylphosphine oxide (TEPO); the higher the chemical shift value, the stronger the acid site. 73 The 31 P MAS NMR spectra of the composites exhibit broad line-shapes indicating a distribution of acid sites (Fig. 5) . In order to facilitate comparisons between the samples the spectra were deconvoluted and fitted using five Gaussian components centered at ca. 98, 87, 74, 61 and 52 ppm (Table S3 † We also tentatively assign the resonance at ca. 98 ppm to sulfuric acid ester groups, which are expected to be stronger than SO 3 H. The resonance at 61 ppm dominates the spectrum of C/SBA (14) , which is explained by a high portion of the silica being uncoated by carbon and consequently the surface of this sample contains a significant amount of weakly acidic silanol groups. C/MCF (63) contains the highest relative amount of the strongest acid sites (resonances at 98 and 88 ppm), followed by C/MCF(40) and C/SBA (45) , which have acid sites of similar strength, consistent with the results obtained from XPS. The spectrum of the benchmark acid catalyst Amberlyst™-15 displays a single resonance at 90.5 ppm. 54 This means that our catalysts have acid sites of weaker, comparable strength and also a small amount of stronger acid sites than the acid resin.
Catalytic studies
Reaction of HMF to bioEs. The reaction of HMF in the presence of the carbon (C/S) composites gave 5EMF and EL (bioEs denotes 5EMF plus EL) as the main products in total yields of 95-99% within 2-6 h reaction at 110°C (conversion >99%; Fig. 6 and 7) . The reaction mechanism of HMF to EL is complex and involves the intermediate formation of 5EMF which was the main product formed initially (80-83% yield at 2-6 h). The conversion of 5EMF to EL is favoured by strong Brønsted acidity. 21, 26 Hence, our strongest solid acid catalyst C/MCF(63) was the most effective for producing EL; 42% EL yield compared to 23-29% for the remaining catalysts, at 100% conversion and 24 h ( Fig. 7 and S6 †). For each pair of C/S composites with the same silica support, the catalyst with the highest total amount and strength of acid sites (AcS) led to faster initial reaction of HMF and higher yield of bioEs (i.e. C/MCF(63) and C/SBA (45) in comparison with C/MCF(40) and C/SBA (14) , respectively, Fig. S7 †) . The differences in catalytic results were more pronounced for the C/SBA-15 composites than for the C/MCF ones, most likely due to the larger differences of acid properties in the former case. On the other hand, for each pair of C/S composites with the same silica support, the more active catalyst (Fig. 6 and S7 †) possessed lower specific surface area, pore volume and sizes (Table 1 ) than the less active one (i.e. C/SBA(45) and C/MCF(63) in comparison with C/SBA (14) and C/MCF(40), respectively). Hence, the acid properties of the C/S catalysts seem to play a major role in the catalytic reaction, and, on the other hand, suggest good active site accessibility with the texture properties not causing significant constraints on the catalytic reaction (i.e. the catalytic reaction systems are likely operating under the kinetic regime). This hypothesis is further supported by a comparison of the catalytic performances of C/S materials with similar acid properties, but different structural/textural properties, namely, C/MCF(40) and C/SBA (45) . The C/MCF(40) material has a much higher mesoporous volume (ca. three times greater) and larger pores (ca. six times greater) than C/SBA (45) . Despite the differences in textural/structural properties, the two composites led to similar catalytic results, which correlate with their similar acid properties (Fig. S8 †) .
The catalytic performances of C/MCF(63) and C/SBA(45) compare favourably to various carbon-based materials previously tested as catalysts in the same reaction under similar conditions, namely, sulfonated partially reduced graphene oxide, 54 sulfonated carbon nanotubes, 54 sulfonated carbon black, 54 and non-porous silica nanospheres coated with sulfonated carbon (Table 2) . 65 The same applies when comparing the C/S catalysts to microporous crystalline or mesoporous amorphous aluminosilicates, such as nanocrystalline zeolite H-beta (as determined by catalytic tests carried out under similar reaction conditions, Fig. S9 †) and mesoporous Al-TUD-1.
33
The catalytic performances of the C/S composites were further compared to that of the classical catalyst Amberlyst™-15 which possesses a macroreticulated polymer matrix functionalised with sulfonic acid groups. These types of resins are very active catalysts for the conversion of furanic compounds (HMF, FA) to bioEs, and are thus good benchmark catalysts. 18, 19, 21, 25, 28, 29, [31] [32] [33] 50 The texture properties and the acid sites accessibility of the acid resins depend on their swelling ability in the liquid media. In order to minimise the swelling effects, Amberlyst™-15 was ground into a very fine powder with particle sizes of a few hundreds of nanometers, and tested in the reaction of HMF under similar conditions. The resin catalyst led to slower conversion of HMF to bioEs than our strongest acid C/S catalysts; conversion at 30 min was 53% for the resin catalyst, 65 compared to 74% and 83% for C/SBA-(45) and C/MCF(63), respectively (Fig. 6) , and the bioEs yield at 30 min was 46% for the resin catalyst, 65 compared to 71% and 78% for C/SBA(45) and C/MCF(63), respectively (Fig. S7 †) . In this case, the catalytic activity does not correlate with the amount of acid sites which is higher for the acid resin catalyst (4.3 mmol SO 3 H g −1 ). 65 Possibly, the resin catalyst possesses some acid sites which are inaccessible and/or subject to important steric hindrance effects in their vicinity. The good catalytic performances of the strongest acid C/S catalysts may be partly due to their favourable acid properties and good active site accessibility. Using a greater initial amount of HMF (ca. 3.9 times greater than the typical conditions) and less solvent (half the amount), the C/MCF(63) catalyst, for example, still led to fairly good catalytic results (Fig. S10 †) . For the more concentrated HMF reaction conditions, the composite catalyst led to faster initial conversion of HMF to bioEs (61% yield at 74% conversion and 30 min reaction) than Amberlyst™-15 using less concentrated HMF reaction conditions (46% yield at 53% conversion).
65
Reaction of fructose to bioEs. The mesoporous composites C/MCF(63) and C/SBA(45) were further explored as catalysts for the cascade reaction of fructose to bioEs in a single reactor, at 140°C (Fig. 8) . The acid-catalysed dehydration of fructose gives HMF, which is subsequently converted to bioEs. For the two catalysts, the main products were HMF and bioEs, formed in maximum yields of 39% (at 83-85% conversion and 4-6 h reaction) and 44-48% (at 100% conversion and 24 h reaction), respectively. The C/MCF(63) catalyst led to faster reaction of HMF than C/SBA(45), which correlates with the higher total amount of acid sites for the former. The higher initial reaction rate for C/MCF(63) was accompanied by higher initial yield of the intermediate product HMF, and higher bioEs yields were reached with time in relation to C/SBA (45) . The C/MCF(63) catalyst led to higher EL yield than C/SBA(45) (21% and 15%, respectively, at 48 h reaction), and this trend parallels that observed for HMF as a substrate using the two catalysts ( Fig. 7 and S6 †), and may be partly due to somewhat stronger acidity of C/MCF (63) .
The catalytic performances of C/MCF(63) and C/SBA(45) were compared to those of various other solid acid catalysts tested in the same reaction. The two composites led to faster conversion of fructose to bioEs yields than powdered Amberlyst-15 tested at 110°C (the maximum operation temperature recommended is 120°C): 44% conversion at 4 h reaction for the resin catalyst compared to 73-83% for the composites, and 9% bioEs yield at 24 h for the resin catalyst compared to 44-48% yield for the composites. Furthermore, the composites led to much faster reaction of fructose than nanocrystalline zeolite H-beta, as determined by catalytic tests carried out under similar reaction conditions (Table 3) ; 57% conversion at 24 h compared to 100% for the composites. Table 3 summarises literature data for various other solid acid catalysts tested in the one-pot conversion of fructose to BioEs. The C/MCF(63) and C/SBA(45) catalysts led to faster reaction of fructose than non-porous silica nanoparticles coated with sulfonated carbon, tested under similar reaction conditions. 65 For various cases, it is difficult to make clear and fair comparisons due to the different reaction conditions used, which can facilitate or not the conversion of HMF to bioEs: in some cases higher EL yields were reported using (i) lower temperature and catalyst loading, despite a lower initial concentration of fructose (CNT-PSSA, BSA and CMK-5-PSSA), 53 or (ii) higher temperature and catalyst loading (e.g. zeolites), 26, 75 or (iii) higher catalyst loading (SBA-15-SO 3 H). 26 On the other hand, for some catalysts higher 5EMF yields were reported using lower temperature, despite lower initial fructose concentration and higher catalyst loading (silica-SO 3 H, Fe 3 O 4 @SiO 2 -SO 3 H).
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Reaction of FA to bioEs. The C/S composites were further explored as acid catalysts for the production of EL via an alternative route to that of HMF (hexose route), specifically from FA which is industrially produced from furfural ( pentose based route). 77, 78 FA has been proven to be an interesting feedstock for levulinate esters production via atom-economic methods under relatively mild reaction conditions. Our C/S composites were very active in the reaction of FA, leading to 100% conversion within 30 min, at 110°C. Initially, FA was converted to 2-(ethoxymethyl)-furan (2EMF) (36-56% yield at 30 min) which was subsequently converted to EL with yields of up to 79% (Fig. 9) . Besides EL, the intermediate product 2EMF can find interesting applications such as a pharmaceutical and food additive, and as a blending component of gasoline. 34 Nevertheless, our catalysts favour essentially the formation of EL in the FA reaction system. A comparison of the catalytic results for the two substrates FA and HMF indicates a much higher reactivity of FA in comparison with HMF, and that the FA route leads to higher EL yields. Similar results have been reported in the literature for different materials tested as catalysts in the two reactions. 33, 65 The relationships between the acid properties of the C/S catalysts and the EL yields are similar for the three substrates: HMF (Fig. 7) , fructose ( Fig. 8) and FA (Fig. 9) . For each pair of composites possessing the same ordered mesoporous silica support, a higher total amount of acid sites and stronger acidity favours the formation of EL. Furthermore, the C/MCF(40) and C/SBA(45) catalysts which possess similar acid properties led to similar catalytic results ( Fig. S8 and S11 †).
Catalyst stability and reusability. The stability of the materials in the reaction media can be assessed by a pre-treatment of the catalysts in the solvent, at the reaction temperature and in the absence of the substrate. Therefore, contact tests in ethanol (ET) were carried out for C/SBA(45) and C/MCF(63), giving the treated solids C/SBA(45)-ET and C/MCF(63)-ET, respectively (for details see the Experimental section). The amounts of sulfur and acid sites of the treated solids did not decrease, suggesting that C/SBA(45) and C/MCF(63) are stable towards leaching of the surface active species. Moreover, FT-IR spectra of the treated solids were similar to those of the corresponding original solids (Fig. S5 †) . The treated solids were tested as catalysts in the reaction of HMF with ethanol under typical conditions; the catalytic results were similar to those of the corresponding original materials (Fig. 10) . Furthermore, the catalytic performances remained similar after subjecting C/SBA(45) and C/MCF(63) to two consecutive treatments in ethanol (C/SBA(45)-ET(2) and C/MCF(63)-ET(2), respectively).
The recovered C/SBA(45) catalyst was reused in a consecutive 6 h batch run, giving high bioEs yield (93%) at high conversion (99%), with higher selectivity to 5EMF than EL (85% 5EMF plus 8% EL yield), similar to that observed for run 1 (79% 5EMF and 16% EL yield at 100% conversion). Similar trends were observed for the original and reused C/MCF (63) catalysts, i.e. the recovered catalyst led to high bioEs yield, especially of 5EMF (84% 5EMF and 8% EL yield) at high conversion (99%). In order to confirm the absence of soluble active species, the liquid phase obtained from the contact test of C/SBA(45) with ethanol (denoted C/SBA(45)-ET(liq)) was tested for the homogeneous phase reaction of HMF. The substrate was added to C/SBA(45)-ET(liq) to give 0.33 M HMF, and the resulting solution was left to react at 110°C for 6 h. The homogeneous phase reaction was sluggish, giving similar HMF conversion (20%) to the reaction of HMF without the catalyst (17%). Hence, the catalytic reaction seems to take place in the heterogeneous phase. In the case of C/MCF(63) it was not possible to confirm the heterogeneous nature by the contact test because the filter used (0.2 μm PTFE membrane) could not completely separate the catalyst particles from the liquid phase. Nevertheless, the conversion was much lower than that observed for the original catalyst (49% at 6 h reaction, compared to 99% at 2 h reaction for C/MCF (63)). On the other hand, as mentioned above no significant changes in the amount of acid sites and S content were observed for C/MCF-(63)-ET, and thus C/MCF(63) seems stable towards leaching. Furthermore, the catalytic performances of C/SBA(45) and C/MCF(63) remained similar after hydrothermal treatment at 140°C for 24 h (C/SBA(45)-WT and C/MCF(63)-WT, respectively; details in the Experimental section), Fig. 10 . The IR spectral features remained similar for all treated solids (Fig. S5 †) .
Conclusions
Composites (C/S) consisting of mesoporous silicas SBA-15 or MCF coated with carbon functionalised with acidic groups of different strengths (such as SO 3 H and COOH) are versatile solid acid catalysts for synthesising useful bio-products. The composites promoted the conversion of different intermediates derived from biomass, namely 5-hydroxymethyl-2-furaldehyde (HMF), fructose and furfuryl alcohol (FA) to the bioproducts 5-(ethoxymethyl)-2-furfural (5EMF), 2-(ethoxymethyl)-furan (2EMF) and ethyl levulinate (EL). The composites, which have high total amount of acid sites (up to 2.3 mmol g −1 ), in addition to large mesopores and some very strong acid sites, were synthesised by the activation of varied amounts of p-toluenesulfonic acid deposited on the silicas. The atomic-level characterisation of the acid nature and strengths was performed by 31 P solid-state NMR studies of the adsorbed base probe, in combination with FT-IR and XPS. The C/S catalysts with higher acid site contents (1.9-2.3 mmol g −1 ) and strengths led to higher yields of bioEs in the reactions of HMF (95-99% 5EMF + EL yield within 2-6 h reaction), fructose (44-48% yield of 5EMF + EL, and 11-17% HMF yield at 24 h reaction) and FA (up to 78% yield at 100% conversion). The catalysts were stable towards S leaching and reusable. The performances of the C/S catalysts have been compared to various Table 3 Comparison of the catalytic results for the C/S catalysts with those for various catalysts tested in the reaction of fructose using ethanol as a solvent other solid acid catalysts. The acid strengths of the C/Ss covered those of the benchmark strong acid catalyst Amberlyst™-15 (a bulk macroreticular sulfonic acid resin), although the distribution of acid strengths was wider and the acid site contents were lower than for the acid resin (4.3 mmol g −1 ). However, with the C/S catalysts, HMF and fructose were converted to bioEs at higher rates than with Amberlyst™-15 (on the same catalyst mass basis), which may be partly due to favourable texture properties and enhanced active site accessibility of our materials. The catalytic results for the C/S materials compared favourably to those of various carbonbased and aluminosilicate catalysts, such as non-porous silica nanoparticles coated with sulfonated carbon and nanocrystalline zeolite H-beta.
The synthesis of C/S composites from biomass derived components for paving the way towards greener production of bioproducts can be envisaged. Silica and carbon precursors are obtainable from waste products with the increasing use of biomass. For example, biomass fly ash has been used as a silica source for the green synthesis of a nanosilicate. 81 On the other hand, the pulp and paper industry generates lignosulfonate by-products which can be synthetic precursors to the sulfonic acid carbon component; it has been demonstrated that these types of compounds possess catalytic activity in the conversion of HMF to bioEs. 54 
Experimental
Synthesis of the materials
The SBA-15 and MCF silicas were synthesised following procedures reported in the literature. [82] [83] [84] Briefly, to synthesise the SBA-15, 82 4.3 g of tetraethylorthosilicate (TEOS; 98%, Aldrich) was added to 2 g of Pluronic P123 (Aldrich) dissolved in 75 mL of 1.6 M aqueous HCl solution. The mixture was stirred at 40°C for 20 h, transferred to an autoclave and heated at 100°C for 2 days. The solid was collected by filtration, washed with distilled water, dried at 65°C and calcined at 550°C for 8 h. The MCF silica was synthesised through a similar procedure with some modifications: 82,83 4.0 g of mesitylene (98%, Aldrich) followed by 23 mg of ammonium fluoride (≥98%, Aldrich) were added to the surfactant solution and the mixture was stirred for 1 h at 40°C prior to the addition of TEOS (4.3 g). The suspension was aged in an autoclave at 100°C for 24 h. The solid was recovered by filtration, washed with water, dried at room temperature and calcined at 500°C for 8 h.
The carbon-silica composites were synthesised by activation of various amounts of p-toluenesulfonic acid (TsOH, Panreac) impregnated on 1 g of mesoporous silica. TsOH was dissolved in acetone (99.9%, Aldrich) and added to the silica. The suspension was sonicated for 15 min, stirred for 24 h at room temperature, and then heated at 100°C for 6 h and for 6 h at 160°C. The TsOH-silica solid was suspended in 10 mL of aqueous H 2 SO 4 solution and stirred for 24 h at room temp- erature. The concentration of the H 2 SO 4 solution was changed in order to obtain the desired H 2 SO 4 /TsOH mass ratio R (Table 1) . After evaporation of water at 110°C, the acid impregnated solid was heated at 250°C in a tubular furnace under a N 2 flow for 1 h. The resulting solid was washed with distilled water (until neutral pH) followed by acetone, and dried at 65°C. The samples are denoted C/SBA(x) or C/MCF(x), where x is the wt% of the functionalised carbon.
Characterisation
The carbon and sulfur contents of the samples were determined by elemental analysis with a TruSpec 630 elemental analyser. Powder X-ray diffraction (XRD) patterns were measured on a PANalytical Empyrean diffractometer at 45 kV and 40 mA using Cu Kα radiation (λ = 0.1541 nm). FT-IR spectra were recorded on a Bruker Tensor 27 spectrometer using pellets of the sample mixed with KBr (400-4000 cm −1 , 256 scans, 4 cm −1 resolution). Raman measurements were carried out on a JobinYvon T64000 spectrometer (laser λ: 532 nm). X-ray photoelectron spectroscopy (XPS) analysis was performed on a K-Alpha system from Thermo Scientific, equipped with a monochromatic Al Kα source (1486.6 eV), and operating in constant analyser energy (CAE) mode with a pass energy of 200 and 50 eV for survey and high resolution spectra, respectively. A spot size diameter of about 400 µm was adopted. Transmission electron microscopy (TEM) images were recorded with a JEOL 2200FS microscope at 200 kV. Nitrogen adsorption isotherms at −196°C were measured with a Micromeritics Gemini 2380, after degassing of the samples at 120°C overnight. The surface areas were calculated with the Brunauer-Emmett-Teller (BET) equation; pore volumes were calculated with the α s method; pore sizes were calculated with the DFT method. Thermogravimetric analyses (TGA) were performed under air flow from room temperature to 700°C, with a heating rate of 5°C min −1 , on a Shimadzu TGA-50. The total acid sites content was measured by acid-base titration: the sample (0.1-0.2 g) was stirred at room temperature for 24 h in 20 mL of 0.1 M NaCl, and then titrated with 0.01 M NaOH. The acid strength of the solids was evaluated by 31 P MAS NMR of chemically adsorbed triethylphosphine oxide (TEPO). The adsorption of TEPO was performed as follows: 0.1 g of solid was dehydrated at 110-120°C under vacuum. 0.015 g of TEPO dissolved in 5 mL of anhydrous n-pentane was added to the solid, and the mixture was stirred for 30 min under nitrogen, and then dried at 50°C under vacuum. Solid-state NMR experiments were acquired on a Bruker Avance III spectrometer with a magnetic field of 9.4 T using a 4 mm double resonance probe operating at Larmor frequencies of 400. ), and 1 mL of ethanol (Scharlau, 99.9%) were added to the reactor at 110°C. The reaction of fructose (0.33 M) in the presence of the catalyst (10 g cat dm −3 ) was carried out using a water-ethanol (3 : 7 v/v ratio) solvent mixture at 140°C. The reaction mixtures were heated with a thermostatically controlled oil bath, under continuous magnetic stirring at 1000 rpm. Zero time (the instant the reaction began) was taken to be the instant when the micro-reactor was immersed in the oil bath. The heating time to reach 110-140°C was 3-4 min. The initial reaction rates are based on conversion at 30 min reaction. The catalysts were separated after a 6 h batch run by centrifugation, washed with ethanol and then water. Prior to reuse the catalyst was separated from the reaction mixture by centrifugation and treated with aqueous H 2 SO 4 (0.2 M) for 4 h at 30°C. The catalysts were subsequently washed with water until the pH was neutral and dried at 85°C overnight.
Comparisons of the catalytic results were made on the basis of similar mass of the catalyst, which is important in terms of practical application. The catalytic performances of the prepared composites were compared to those of a classical ionexchange resin (Amberlyst™-15) and a large-pore zeolite (H-beta). The commercial cation-exchange resin Amberlyst™-15 (a macroreticular styrene-divinylbenzene copolymer bearing benzenesulfonic acid groups; FlukaChemika) was manually ground using an agate pestle and mortar and subsequently sieved to give a very fine powder with particle sizes of a few hundreds of nanometers (ascertained by SEM). Zeolite H-beta was prepared by calcination of commercial NH 4 -form zeolite beta powder (NH 4 BEA, Zeolyst, CP814; crystallites with a size of ca. 20-30 nm) at 550°C for 10 h with a ramp rate of 1°C min −1 in static air.
The evolution of the catalytic reactions was monitored by GC (for quantification of bioEs and FA) and HPLC (for quantification of HMF and fructose). Prior to sampling, the reactors were cooled to ambient temperature before opening and workup procedures. The GC analyses were carried out using a Varian 3800 equipped with a capillary column (Chrompack, CP-SIL 5CB, 50 m × 0.32 mm × 0.5 μm) and a flame ionisation detector, using H 2 as the carrier gas. Authentic samples of the substrates were used as standards, and calibration curves were measured for quantification. The HPLC analyses were carried out using a Knauer Smartline HPLC Pump 100 and a Shodex SH1011 H + 300 mm × 8 mm (i.d.) ion exchange column (Showa Denko America, Inc., New York), coupled to a Knauer Smartline UV detector 2520 (254 nm for HMF), and a Knauer Smartline 2300 differential refractive index detector (for fructose); the mobile phase was 0.005 M aq. H 2 SO 4 at a flow rate of 0.8 mL min −1 , and the column temperature was 50°C. The identification of the reaction products was accomplished by GCMS using a Trace GC 2000 Series (Thermo Quest CE Instruments) -DSQ II (Thermo Scientific), equipped with a capillary column (DB-5 MS, 30 m × 0.25 mm × 0.25 μm), using He as the carrier gas. Individual experiments were performed for a given reaction time and the presented results are the mean values of at least two replicates. The substrate (Sub) conversion (%) at reaction time t was calculated using the formula: 100 × [(initial concentration of Sub) − (concentration of Sub at time t )]/(initial concentration of Sub). The yield of the product (Pro) (%) at reaction time t was calculated using the formula: 100 × [(concentration of Pro at time t )/(initial concentration of Sub)]. The bioEs products were EL (ethyl levulinate) and 5EMF (5-(ethoxymethyl)-furfural) for fructose and HMF as substrates, and EL and 2EMF (2-(ethoxymethyl)-furan) for FA as the substrate. Contact tests were carried out for C/SBA(45) and C/MCF(63) in order to study their stability. These experiments consisted of treating each composite in ethanol (ET) at 110°C, or in water (WT) at 140°C, for 24 h with stirring (the amount of solid added to the solvent was 10 g dm −3 ). Afterwards, the solid was separated by centrifugation and washed using ethanol or water for the ET and WT treatments, respectively, and finally dried at 85°C overnight. The ET treatment of C/SBA (45) 
